Purpose: Proton dose coverage is sensitive to proton beam range. The current practice of CT number-based registration for patient positioning focuses on matching the target and is not sufficient for proton therapy because the proton range depends on the medium traversed by the beam. Patient body deformations and anatomical changes result in range deviation in the target. We propose proton range-based registration to minimize the range deviation. Methods: The range was calculated from cone beam-computed tomography (CBCT) of the patient on couch, and the range deviation was the difference of the calculated range from that on the initial (day 1) CBCT. In the investigated prostate cases in which the main cause of range deviation was the rotation of femur bones, and in the investigated abdomen cases in which the main cause of range deviation was body growth and anatomic change, our range-based registration was used to obtain the optimal beam angle by minimizing the range deviation. The new angle was limited to be AE5°from that planned to prevent potentially increased dose to the organs at risk. To demonstrate the benefit of range-based registration, we investigated the range at the voxels on the surface of the target volume. The calculation error of range deviation due to CBCT scatter was investigated by using solid water phantoms with different thicknesses. Range-based registration using both CBCTs and CTs was performed in cases of two patients with pelvic rhabdomyosarcoma and one patient with upper abdominal tumor. The range was represented by the water-equivalent thickness to shorten the computation for online application purposes. Results: In the phantom study, the calculation error of range deviation due to CBCT scatter was within 2 mm for a 1-cm thickness change (the mean range deviation was 0.8 mm). In the CT study of the prostate cases, the range deviation (mean AE root-mean-square deviation) on the contour in each slice was efficiently reduced from 3.6 AE 2.8 mm to 2.1 AE 1.4 mm, with most slices being within 3 mm; in the CT study of the abdomen cases, the range deviation of the whole set was reduced from 4.4 AE 1.9 mm to 3.5 AE 2.1 mm. Both the mean and root-mean-square deviation of the range deviation on each treatment day were decreased. The dose coverage on the target was improved and the dose on the OARs was only slightly changed. Conclusion: Range-based registration can efficiently mitigate range deviation due to patient positioning and anatomical changes. It can shorten patient positioning time and reduce the patient's dose from CBCT.
INTRODUCTION
Proton beam radiation therapy is an increasingly favored treatment modality for cancer. More than 100 clinical proton centers are now in operation, under construction, or in development. By the end of 2015, approximately 130,000 patients had been treated with proton beams worldwide (http://www. ptcog.ch/index.php/patient-statistics). Comparative planning studies of proton and photon therapy demonstrate that using proton beams can significantly reduce the dose to organs at risk (OARs), especially those situated behind the target, and the integral dose to the patient. Dose sparing may allow for subsequent dose escalation to improve the local control of the cancer and relates directly to the quality of life of the patients, particularly for pediatric patients who have a high likelihood of long-term survival. 1 According to de Moor et al., 2 approximately 3% of the US population were cancer survivors in 2013, and this percentage will grow to 4.9% by 2022. However, the therapeutic advantages of proton therapy over photon therapy are, so far, more potential than demonstrated. The incremental clinical benefit of proton therapy, in terms of improved survival or reduced toxicity, as compared with that of advanced photon therapy modalities such as intensitymodulated radiation therapy and volumetric modulated arc therapy has only been demonstrated in a few pediatric or rare cancers. 3, 4 The challenges faced in translating the advantages of proton planning to the clinic include the range uncertainty resulting from inaccurate planning CT (pCT) numbers, inadequate understanding of the relative biological effect allocated to the proton dose region, inaccuracy in the dose calculation algorithm, and uncertainty in patient positioning, treatment delivery, and motion management. 5, 6 To improve proton therapy, it is critical to develop reliable methods for monitoring and minimizing the proton range deviation before beam delivery to the patient. Proton range verification has been studied extensively and many methods of reducing it have been proposed, including the use of detectors, 7, 8 PET, 9 prompt gamma, 10 CBCT, 11 MRI, 12 or ultrasound imaging 13 of the patient before, during, or after the proton treatment; 14 however, range-based registration to minimize the range deviation from the planned range has not been investigated.
Using cone beam-computed tomography (CBCT) and a robotic couch can improve patient positioning. 15, 16 The CBCT data of the patient on the couch are registered to the pCT data. Image registration is achieved when the images in regions of interest, such as the target and OARs, are matched or optimally aligned. 17, 18 However, in addition to the image quality of CBCT, this CT number-based registration is often insufficient for specific proton beam paths. Short-term anatomic changes resulting from breathing, swelling, and gas affect the registration, but their practical effect on the range of each proton beam may not be reflected in the registration. For example, breathing may result in a change of density in related tissues, but CT number-based rigid registration cannot reflect such a change. Deformable registration 19 may detect the change, but the registration result must still be interpreted correctly to obtain the range, and its accuracy remains in need of clinical validation.
In this work, we investigated proton range-based registration for patient positioning and optimal beam angles on the treatment day with intensity-modulated proton therapy (IMPT). The range was calculated from the daily CBCT data at voxels on the surface of the target volume (clinical target volume [CTV] or gross tumor volume [GTV] ). The range calculated on the 1 st day of CBCT was used as the reference for range deviation, which offered quantitative information regarding the target coverage on the day and was used to improve the patient positioning. In this paper, the range-based registration is performed to minimize the range deviation on the day of the reference by slightly tuning the beam angle from that planned. Prostate and abdomen cases were used to demonstrate the performance of range-based registration.
MATERIALS AND METHODS

2.A. Proton range and water-equivalent thickness (WET) calculation
In the pencil-beam algorithms for proton dose calculation, the range is calculated from the WET of the medium traversed by the proton beam. The calculation of the WET from the central path length ignores the energy dependence of the stopping-power ratio of the medium to water. Although this approximation may result in slightly low accuracy of the calculated range, the calculation for WET is much faster than that for the range.
Our interest focused on monitoring the range deviation from the expected along the surface of CTV or GTV for patient positioning and the range-based registration to minimize the deviation, rather than the absolute value of the range. For our purpose, we may use the deviation of WET as the range deviation.
The WET was calculated along the central axis of the pencil beam from the proton virtual source to the voxel of interest.
where t s and t i are, respectively, the location of the source and voxel i on the surface of the target. q m e t ð Þ is the electron density of the medium at location t, and q w e is the electron density of water. Without considering the effect of proton multiple Coulomb scatter (MCS) from the neighboring voxels on the energy spectrum at the current voxel, the stopping-power ratio is approximately proportional to q m e t ð Þ=q w e .
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The electron density was converted from the CT number by using the formula of Schneider et al. 21 The conversion covers CT number from À1000 to 2996 HU, and is used in TOPAS Monte Carlo code. 22 
2.B. Effect of CBCT scatter on WET
CBCT scatter results in a blurred image and changed CT number. For kilo-voltage (kV) CBCT, up to 2.5 times more photons arriving at a detector behind a normal-sized patient body are scattered than primary. 23 An antiscatter grid can remove most scattered photons. In addition, many scatter correction methods have been proposed in the literature [23] [24] [25] [26] [27] [28] and applied to CBCT-based photon dose calculation 29 and proton range estimation. 30 Usually, scatter correction requires large computation resources.
Because our interest was range deviation, we investigated the effect of CBCT scatter on the deviation. We scanned solid water phantoms (Tough Water, Kyoto Kagaku America, Inc. Torrance, CA, USA) with thicknesses of 19, 20, and 22 cm by using our kV CBCT system (Hitachi, Ltd, Japan). The thickness of the phantoms was meant to simulate the body size and its change in the patient during the treatment course. The ratio q m e t ð Þ=q w e ¼ 0:9931 was used to calculate the theoretical WET along a contour in the CBCT, as shown in Fig. 1 .
To mitigate the scatter effect on the CT number, we simply used the CT number histograms of pCT and daily CBCTs. It is a reasonable assumption that with the same CBCT scanning protocol, the peaks in the histograms from different days correspond to the same tissues, such as muscle and bone, in the scanned region. If the CT numbers of the corresponding peaks in the pCT and CBCT are CT peak and CBCT peak , then we uniformly add CT peak À CBCT peak to the CBCT numbers. By this simple approach, we tuned the daily CBCT numbers of the majority tissue such as muscle in the scanning region to the corresponding CT numbers in the pCT.
2.C. WET deviation on the surface of the target
The daily CBCT was registered to the pCT by using the CT number-based rigid registration mode in MIM (MIM Software Inc., Beachwood, OH). Because the CBCT is usually scanned more focused on the target than the pCT, we used the CBCT as the primary image and the pCT as the secondary image during the registration. The registration was focused in a boxed region of the patient's body including the target and tissues on the proton beam paths. The registration was visually verified by utilizing the tools in MIM. The target contours delineated in pCT were copied to the registered 1 st day CBCT, and the location of each voxel on the contours in the 1 st day CBCT was extracted from the digital imaging and communications in medicine (DICOM) file.
Next, the WET at each voxel on the surface of the target on the 1 st day CBCT was calculated by using Eq. (1) along each beam direction and recorded.
Then, the translation and rotation obtained from the registration between pCT and CBCT on the treatment day was transferred to the relative translation and rotation between the 1 st day and the treatment day CBCTs. This information was used to determine the location of the target and the beam path in the CBCT of the day. The WET was calculated in the CBCT of the day. The deviation of the WET from that on the 1 st day CBCT was converted to the new location of the voxel along the beam path.
2.D. Range-based registration for optimal beam angle
In this feasibility study, we considered co-planar plans and searched the optimal beam angle in the transverse plane. The optimal beam angle h opt was searched around the planned beam angle h 0 to minimize the total WET deviation on the surface of the target.
where WET 1 i and WET d i were, respectively, the WET at voxel i on the 1 st day and that on the day of treatment CBCTs, Dh 1 and Dh 2 are small angles. The angle search region must be limited to prevent the beam with new angle from potentially significantly increasing dose on OARs. In this work, we searched h opt with Dh 1 = Dh 2 = 5°. Figure 2 shows the WET calculated from the CBCT of the solid water phantoms that was acquired with our pelvis protocol (125 kVp, 42 mA, 20 ms and large field of view with half bowtie filter) ( Fig. 1 ). With no scatter correction, the calculated WET from the CT numbers is so different from the physical WET [ Fig. 2(b) ] that it cannot be used for absolute range verification. However, when we used the calculated WET in the 19-cm phantom plus the physical WET of 1-cm solid water as the reference for the calculated WET in the 20-cm phantom, then the error was within 2 mm. The mean range deviation, i.e., the average of the absolute value of the range deviation over the contour, was 0.78 mm, as shown in Fig. 2(c) . Similarly, for the change of thickness from 19 cm to 22 cm, the error was within 3 mm, and the mean range deviation was 1.38 mm. In practice, re-planning would be performed before the WET changes by more than 1 cm. This phantom study may indicate that it is reliable to use the deviation of calculated WET from daily CBCTs without scatter correction to monitor the range change.
RESULTS
For patient cases, the WET calculated from the 1 st day CBCT along the surface of the target was used as the reference, and the range deviation on the treatment day from the 1 st day was represented by the difference of the calculated WET on the day of CBCT from the reference. In the pelvis cases, there were three fiducial seeds in the region of interest, but the CT numbers were not larger than 2996 HU. minus CBCT on day 5) in Fig. 3(d) . For the left femur bone, the pixel values in the difference image are negative on the upper boundary and positive on the lower boundary, indicating that the left femur bone on day 5 was anterior to its position on day 1. Due to the larger WET in bone than in soft tissues, those proton beamlets passing through the upper boundary of the bone from the left side of the patient stopped before the expected locations on day 5, and those along the lower boundary of the bone stopped after the expected locations. On the contrary, the location of the right femur bone was only slightly anterior on day 5, and the range deviation for the right beam was small.
To minimize the range deviation, we searched the optimal beam angle in the transverse plane by Eq. (2). The optimal beam angle was found to be 86°for the left beam and 266.6°f or the right beam, under which the range deviations are shown in Fig. 3(c) .
The GTV occupied 69 slices of the CBCT. Denote by DWET j , the absolute value of the difference of WETs over the GTV contour on slice j. Range-based registration effectively decreased both the mean and RMSD of range deviations when the mean was larger than 4 mm and the RMSD was larger than 1 mm. For those days when the patients were excellently positioned, the range deviations were small, i.e., the mean was less than 3 mm and the RMSD was less than 0.5 mm, and range-based registration helped little reduce further the range deviation.
We also performed the range deviation and range-based registration on CTs of the same patient case in Figs. 3 and 4 . The patient was CT scanned 20 days before the planning CT scan (the planning CT was for a boost treatment). For our purpose, we copied the GTV from the planning CT to the rigidly registered CT scanned 20 days earlier. The results are displayed in Fig. 6 . The right femur bone was well registered by the CT number-based registration, but the left femur bone was not. The optimal beam angles from the range-based registration were 93°and 271.8°, and the range deviation was reduced from 4.7 AE 1.4 mm and 2.3 AE 0.7 mm for the 90°a nd 270°beams respectively to 2.7 AE 0.7 mm and 1.5 AE 0.4 mm for the 93°and 271.8°beams. Figure 7 shows the result of the 3 rd day CBCT acquired with our thorax protocol (110 kVp, 15 mA, 20 ms, and small field of view with full bowtie filter) during the CBCT study of the 9-year-old abdominal patient. The range deviation for the posterior-anterior (PA) beam (180°) was mainly due to the spine match, and that for the right lateral (RL) beam (270°) was due to the chest wall match. The range deviation reduced from 2.9 AE 0.7 mm to
In the CT study, the range deviation from the pCT was calculated in a CT scanned 6 months after the pCT. The growth of the patient's body resulted in a large range deviation, as displayed in Fig. 8 . The CTV contour was copied from that in the pCT, but the contours of kidney and liver were delineated in their own CTs. With range-based registration, the range deviation for the PA beam was reduced from 3.7 AE 1.7 mm to 2.8 AE 1.9 mm with new beam angle 194.6°. This large difference in beam angle was due to body growth and would not happen in the same course of the treatment because otherwise the patient would be rescanned. Our purpose in using this example is to demonstrate the performance of range-based registration. For the RL beam, the new beam angle was 268.3°and the decrease in range deviation from 5.1 AE 2.1 mm to 4.1 AE 2.3 mm.
The improvement of dose coverage from range-based registration is shown in Figs. 9 and 10 . The original plan, including the plan normalization value, was used to calculate dose in the rescanned CTs. The adjusted plan was the same as the original plan, except that the beam angles were changed to the optimal ones determined from range-based registration. From the DVHs in Fig. 9 , the adjusted plan had better GTV   FIG. 4. (a) Range deviation and (b) its improvement by using the range-based registration method in the same CBCT set in Fig. 3 .
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dose coverage and less dose to the rectum and the left femoral head and neck than did the original plan. The doses to the penile bulb and right femoral head and neck were the same from these two plans, and the dose to the bladder was a little higher from the adjusted plan than from the original one. The respective minimal, maximal, and mean doses in GTV were 93.5%, 103.8%, and 99.0% of the prescription dose from the original plan and 95.2%, 103.9%, and 99.0% from the adjusted plan. The range-based registration improved the GTV dose to be larger than 95% of the prescription dose, as shown in the bottom panels in Fig. 9 . Similar results were observed in the abdomen case. The respective minimal, maximal, and mean doses in GTV were 90.8%, 107.4%, and 100.0% of the prescription dose from the original plan and 93.7%, 107.2%, and 100.4% from the adjusted plan. From the DVHs in Fig. 10 , compared with the dose in the OARs from the original plan on new CT, the dose from the adjusted plan on new CT in the right kidney was higher, the dose in the left kidney was lower, and the dose in the liver was similar. In the figure, the DVHs from the original plan on pCT are also displayed. The dose in the right kidney from the adjusted plan was actually lower in the high-dose region than that from the original plan on pCT.
DISCUSSION
It is critical for proton therapy to ensure that the proton range is adequate throughout treatment. This consistency requires high accuracy in setting up the patient. CBCT can effectively improve positioning the patient on the couch, but the current practice of CT number-based registration is not sufficient to reflect the proton range. For the prostate cases reported in this work, a slightly misregistered femur bone traversed by the beam resulted in a large proton range deviation on the surface of a pelvic rhabdomyosarcoma target. In the abdominal cases, body growth and a slightly misregistered spinal cord caused the range deviation on the surface of an abdominal target. This deviation may have to be transformed to a large margin for the target volume, reducing the advantage of proton therapy on dose toxicity. We emphasize that the range deviation was accumulated from all the voxels on the beam path; but for the investigated cases, misregistered bones contributed the major part of the deviation.
In this work, we introduced our proton range-based registration to reduce the range deviation. Specifically, the WET for the beam of interest was calculated from the CBCT at the voxels on the surface of the target on the day of treatment; the range deviation was represented by the difference of the WET from the 1 st day; and the range-based registration searched the optimal beam angle to minimize the range deviation. Essentially, range-based registration uses the patient's body itself to compensate range deviation, and thus the performance is case-dependent. For the prostate cases (Figs. 3  and 6 ), the range-based registration efficiently reduced the range deviation from up to 7 mm to within 4 mm, with most slices being within 2 mm. Comparatively, the performance of the range-based registration was not as high in the abdominal CT case (Fig. 8) as that in the abdominal CBCT cases (Fig. 7) because of the difficulty, especially for the RL beam, to compensate the range deviation for the body growth of 6 months. A complete range-based registration for translation and rotation in 6 degrees of freedom could further reduce the range deviation, although in this paper, only the beam angle was tuned. We performed range-based registration in both CBCT and CT images and showed that the range deviation was mainly caused by a misregistered bony structure. In this case for IMPT, the range deviation can be efficiently mitigated by slightly adjusting the beam angles. For setup errors of the soft tissues such as the body shape, 31 range-based registration may be useful too. In conventionally fractionated radiotherapy (i.e., with more than 10 fractions) random setuprelated errors may not much affect the dose in the central region of the target, but will smooth out the dose in the margin of the target (i.e., decrease the dose conformity). Thus, range-based registration can improve the dose conformity.
The search region [h 0 -Dh 1 , h 0 +Dh 2 ] of the beam angle h 0 must be small in order to avoid potential large dose on OARs. The search region is patient and site dependent, and can be estimated in the pCT by calculating the dose with the same plan but new beam angles h 0 -Dh 1 and h 0 +Dh 2 . For our investigated cases, we used Dh 1 = Dh 2 = 5°. In the adjusted plan for the prostate case (Fig. 9) , the DVHs of OARs slightly changed and the target dose was improved. The planning margin was about 10 mm on the AP direction and 5 mm on other directions. If we decrease the margin, the target dose can be more significantly improved by range-based registration. From the study by Trofimov et al. 31 on interfractional setup errors in prostate patients, the standard deviation of femur setup angles was up to 4.8°. In the CBCT study of the abdominal cases (Fig. 7) , the optimal angles were also within 5°f rom that planned.
The range deviation along the target surface provides a way to monitor the range and can be used to guide patient positioning. However, patient positioning is complicated and time-consuming. It may require iterative CBCT scanning and setup before achieving high requirement of range. For the investigated prostate cases in which opposite lateral beams were used, the optimal beam directions determined from the range-based registration were no longer exactly opposite. The similar result existed in the abdominal cases. This indicates that, with given beam angles, it may be impossible to position the patient to satisfy the range requirement. Our range-based registration searches optimal beam angles for the current patient position and, thus, can shorten patient positioning and reduce dose from multiple CBCT scans.
The accuracy of the calculated range from CBCT is decreased by CBCT scatter and artifacts. Although CBCT has been intensively studied for decades, challenges to efficiently removing the scatter and artifacts for clinical online purposes remain. In this work, by simply matching the peaks in CBCT number histograms of a specific tissue, we showed that the calculation error of range deviation due to CBCT scatter was within 2 mm for a 1-cm change of the solid water phantoms. Recently, Bentefour et al. obtained a similar result on the deviation of calculated water-equivalent path length from CBCTs of a custom anthropomorphic phantom, with the purpose of using CBCT for a pre-treatment range check. 32 Without correcting the scatter and artifacts, they found that their method could detect a range deviation equal to or greater than 3 mm. Encouraged by this result, Tang et al. investigated using anterior fields for prostate treatment to decrease dose on the anterior rectum wall and femoral heads. 33 Therefore, it may not be necessary to perform CBCT scatter correction for range monitoring and range-based registration. For the prostate case with target volume 94.8 cm 3 and CBCT voxel size 0.52 9 0.52 9 1 mm 3 , our algorithms took a total of 46 s per beam for the WET calculation and range-based registration in a single CPU computer (Intel(R) Xeon(R) CPU E5-2680 v3 @ 2.50 GHz), making them suitable for online use. However, scatter-induced CBCT number change is not uniform in the reconstructed volume, and thus, a simple match of histograms cannot fully remove the scatter effect. 34 To further improve the reliability of calculated range deviation, CBCT scatter correction should be performed. For photon adaptive planning, our Klein-Nishina formula-based scatter correction algorithms reduced the dose discrepancy between planning CT-based and CBCT-based plans from 14% to 1%. 29 For proton range calculation, it has been reported that without scatter correction, the range calculated from the CBCT could differ by up to 7.3 AE 5.3 mm from the measured range; with scatter correction, the range difference could be reduced to 2 mm. 30 Dose coverage on target will be improved by decreasing the range deviation although the exact improvement needs full dose calculation. In our rhabdomyosarcoma patient case with laterally parallel-opposed-pair (POP) beams, the planning margin was 1 cm in AP direction, and 5 mm in the other directions. With this margin, the minimal, maximal, and mean doses in GTV were, respectively, 93.5%, 103.8%, and 99.0% of the prescription dose from the original plan, and 95.2%, 103.9%, and 99.0% from the adjusted plan (Fig. 9 ).
When the margin was decreased to 7 mm in AP direction, and 4 mm in the other directions, the minimal, maximal, and mean doses in GTV were, respectively, 87.7%, 103.6%, and 99.1% of the prescription dose from the original plan, and 93.4%, 103.7%, and 99.1% from the adjusted plan. Thus, the dose improvement was more significant for tight margins. Beam arrangement also affects the robustness of dose distribution on range deviation. In POP beam scenarios, the range change in the distal SOBP in one beam happens in the proximal SOBP in the opposed beam. Usually range change mostly affects the dose in the distal SOBP, but in the POP case this effect is mitigated by the dose in the proximal SOBP, as studied by Sejpal et al. 35 In the abdominal case, the PA and RL beams were used; the distal SOBP in one beam is near the penumbra of the other beam, and thus the effect of range deviation may not be as well mitigated as in the POP beams. From Figs. 8 and 10 , we observed the correlation between the range deviation and the corresponding dose distribution. For example, in the original plan the increased range in the patient right bottom region caused the cold dose, and in the adjusted plan the perturbation of the range in the patient left upper region resulted in a similar pattern of dose distribution. Of course, the correlation will be weakened by multiple Coulomb scatters. Recently, Matney et al. reported significant correlation between the dose change and range deviation in their investigated lung cases. 36 In their method, the range deviation was the difference of the ranges between full-inhale and full-exhale phases in the 4D CTs. Those beam angles with minimal range deviation were selected into the treatment plan to improve the robustness of the planned dose distribution against the breathing phases. Comparatively, range-based registration is performed on the patient positioning CBCT, and thus can catch both the setup error and patient anatomic change. More importantly, range-based registration is used to slightly adjust the planned beam angles. The statistical significance on the dose distribution with tuned beam angles would be interesting but challenging because of the low accuracy of the calculated dose from CBCT. Alternative ways such as to map the perturbed target contour, determined by the range deviations before and after beam angle adjustment, back to the planning CT will be explored.
The advantage of range-based registration over adaptive planning for IMPT is its fast calculation for the patient on couch. Adaptive planning can better improve the dose coverage but often takes longer time from gathering the information to generating a new plan, including the computation time on the deformable registration of the CBCT to planning CT. 37, 38 The new plan may need quality assurance. On the other hand, range-based registration uses the same plan except the new beam angles. In the current practice, the verification plan sets beam angles to be zero. Namely, quality assurance for the same plan but with different beam angles is not required.
We assumed that the GTV maintained its location and shape the same as in the planning CT. This is a common assumption in clinical practice for many disease sites. In case this assumption does not hold, the new contour of the target should be delineated in the CBCT of the day and mapped back to the 1 st day CBCT to calculate the reference WET there. However, in the patient case we reported here, the range deviation may be substantially larger than the magnitude of potential deformation of the target.
In this work, we used WET to represent the proton range. This representation ignores the energy dependence of the stopping-power ratio of the medium to water, 39 and for heterogeneous media, the difference of energy spectra in the neighboring region. The distribution of the heterogeneous medium affects the proton beam range 40 even though the WET does not change at the Bragg peak. Grassberger et al. 41 retrospectively examined a cohort of 19 patients' lungs by performing Monte Carlo simulations and compared the results with those obtained by using a pencil-beam algorithm based on the algorithm of Hong et al. 42 in the XiO treatment planning system. The range uncertainty was 4.6% from the treatment planning system. In the future, we will investigate the accuracy of WET for range deviation in heterogeneous media by measurement and direct range calculation algorithms. 39, 43 Furthermore, because range-based registration is performed before beam delivery, results from new techniques such as prompt gamma spectroscopy and proton-induced PET can examine the performance of range-based registration in patients. Proton radiography and proton CT can improve the accuracy of range and dose calculation, and thus can be used to improve range-based registration and examine the performance of range-based registration on maintaining the planned dose distribution. 
CONCLUSIONS
We have proposed proton range-based registration for proton therapy. Our preliminary result shows that range-based registration can efficiently reduce range deviation due to patient body distortion and anatomical change. For prostate cases, the mean range deviation mainly caused by the femur bone rotation was decreased from up to 7 to 4 mm. In these cases, range-based registration suggests a slight adjust on the planned beam angles to compensate the femur bone rotation. Range deviation calculated from CBCT on the surface of the target (GTV and CTV) offers a quick and convenient way to check the range on the day of treatment, with the 1 st day CBCT as the reference, and to guide patient positioning. However, range-based registration can reduce range deviation in the current CBCT and thus, can save patient positioning effort and reduce CBCT dose.
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